NATIONAL ADVISORY COMMITTEL
FOR AERONAUTICS

' TECHNICAL NOTE

No. 1392

ICING ZONES IN.A WARM FRONT SYSTEM
WITH GENERAL PRECIPITATION
By William Lewis, U. S. Weather Bureau

Ames Aeronaitical Laboratory
Moffett Field, Calif,

~ R

Washington

P LIBRARY COPY'

APR 3 0 1993

LIBRARY NASA

LANGLEY RESEARCH CENTER

| HAMPION, VIRGINIA 1




ERRATUM
NACA TN No. 1392

ICING ZONES IN A WARM FRONT SYSTEM
WITH GENERAL PRECIPITATION
By William lewls
July, 1947

The source of the subject report was inadvertently cmitted from the
cover and the first page of text. A revised copy of each, reading "By
Williem Tewls, U. S. Weather Bureau," is athtached.



mu z.'l?nf\v uwlum HHHW

NATIONAL ADVISORY COMUIITTEZ FOR AZROMNAUTICS

TECHNICAL NOTE NO. 1392

ICING ZOMES I¥ A 7ARY FRONT SYSTE:H
TH GENERAL PRECIPITATION

By Willlam Ievwis, U.S., ¥eather 3uresu?

SUMMARY

Obgervetion of the lcing zones present in =2 wgrm front
cloud system wrere made during one of a series of flights
designed to lnvestigete the meteoroclogicsel conditions.
conducive to the formatlion of ice on sircraft. Thile 1t 1is
realized that 1% is hazardous %o venture general conclusions
from obgervations of a &ingle case, a consistent theoretlical
interpretation of the ohsgerved conditions ls believed to
Justiry the conclusion that 1ln large areas of uniforn
precipitation in the gbsence of marked orograpnic effects,
the lcing zones are limlited to the freezing railn area, if any,
and a ghallow layer of mixed gnow anﬁ cloud 3irope Just above

the freezing level.

INTRODUCTION

- The principal meteorological factors which defermine

lcing conditions are temperature, liquid water concentration,
and drop size. To study these factors asnd their relationshin

to the formation of ice on airplanes, the Anmes Aeronautical
Laboratory of the Mationel Advisory Committee for Aeronautlcs
has equipped a C~-L6 cargo-airplsne 7ith a thermal ice-prevention
gystem and pertinent meteorolo~ical instrumentation and is

conducting an extensive flight investigatlion in Inclement
weather. During the phase of this lnvestigefion which wasg

1This rveport was prepared by Mr. Lewis in collaboration
with the sgtaff of the Ames Laborstory during a period
of actlve participetion by :ir. Lewis in the NACA
icing regearch program . :
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conducted throughout the winter of 19H-U5, o flight wes mnde
in a warm front cloud system. 3Ifhile this perticulcr situntion
vags the only well defined werm front encountered durling the
entire sgeason's operations, it 1is bellieved that it s typlcal
of werm gector cyvclones having a lorge arees of uniform preclipi-
tation. Observetions mede during tuig perticular flight and

a discussion of certesln general sgpocts of the problem of

icing in precipltation sréas are pregented in this report.

OBSERVATIONS

The flight described hereln wes mede in the ﬂgrn fronu
cloud system wnich existed over linnegots on iiarch 15, 1945,
Observations made during the flight have been comblned with
surface and upper alr data obtained from the U.S. Yeather
Bureau to reconstruct the meteorcloglcal conditions erxlating
at the time of the flight. Figure 1 ig the surface weather
map for 9:30 s.m. Céntrel Stondaré Time on Merch 15, 1945: A
deepening cyclone wlth an opsn werm sector woe centered about”
60 miles southwest of Iinneapolis, Minn., moving east north-
eagtward at about 20 miles per hour and dec penlv 2% ebout
0.6 millibar per hour. Rain was falling over most of Hinnesote
with snow north of the Canasdlisn border. The presgence of an
area of freezing rain belowv the warm front surface was
indicnted by the observation of sleet (U.S. definition) nt-
Internstional Fallsg, ¥inn. The average tenperature and dew
point of alr entering the system in the warm sector on aoline
from Deeg Molines, Iowa, to Chicego, Ill., were 59° and H3~ F,
regpectively. This oir had the same equivalent potential
temperature eg the air ot 5000 feet over Duluth, Minn.,
Indlcating thet warm sector alr was Dbelng 1ifted over the -
warm front. Precipitatlon rates were light to moderate,
aversging about 0.08 inch per hour over eastern innesota.

The crogs gection (fig. 2), shouing the structure of
the warm front cloud and precipltation arer, wasg drown from
gate teken on the flight and Weather Bureesv radlosonde drta
taken At St. Poul, Linn., nnd Internationsl Falle, Minn. I3
shows the loce tion of the frontal surfsce eond lcing zones,
and the epproximete distribution of tempercture. The rnilo-
gonde deta ore sghown in figures 3 and 4. The rndiosonde.
observetions were mnde ot 9 s.m., the surfooc obgervations
are for 9:30 2eMe, end the flight obervetions covered the
interval from & 2}:'L to 11:45 a.m. The crose section wng
drown to represent conditlons nt ndout 2:30 ~.mi.
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The flight begon at &: 24 ne.ti. A layer of low scud
clouds with tops beolow 2500 feot was encountered just nfter
teks—-off, and esnother cloud layer extended from 3500 to KOCO
feet altitude. The alrplane was bebween cloud 1ﬂyers from
5000 feet to 9200 feet in sterdy roin. The freezing level
was renched at an altitude of 9200 feet and Dy 9500 fceet
the rein had. turned to snow. From 9,500 feet to 13,000 feet
the alr wos uniformly full of falling snow. No liquid weter
was present and no lcing occurred. The climb waos terminated
at rn altitude of 19,000 fest ot 3:20 a.m. The elevation of
the top of ‘the snow cloud is unknovm and the presence or
ebgence of a layer of liquld woter drops in the top of the
cloud formation could nbt be determined. The tompsreoture—~
height curve for tinls pcort of the filght ls shown in figure 5.

The airplane then dcscended to en altitude of 9000 feeot.

A trace nof clear lce ‘l'hr: 'Pi'nr; nokted on this Tlight M e
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picked up at 9(00 feet st on indicmted free-air tempor?ture
of 31° F (23 stafic). At 9000 feet the indiceted tempera-
ture wag 33° F, (31° F gtetie) and the ice melted off.
Although the gtatic tepporature tras below freezing, kinefic
heating, due to the speed of the alrrlane, prevented the
formation of ice ot this level. ©Snow was present and also
probably liquid water drops but they could not be identified.
Tne alrplane was then climbed to 11,000 feet and cruised at
that lavel for a 1llittle over ~n hour whlle tests were made of
gome of the equipment on the airplone. Durlng that time no
ice formed. The indicated temperature wos 20° F and steady
gnovw continued throughout the period.

A slow descent wes begun at about 11:15 a.m. nesar Duluth,
¥inn., A trece of ice wag observed at 10,200 fect ot on indi-
cated alr temperscture of 31.5° F. The static freezing level
was passed ot 9300 feet and below thet point steedy rein and
broken clouds were obsgscrved. The descent was continued to
an altitude of 2600 feet and a statlic temperature of 33° F
in an &ttempt to find the freezing rrin zone. If the date
used to draw the cross section of figure 2 had been aveilable
on the flight 1t would have been an easy matter to find
freczing raln by going a 1little farther north, but since the
north—-south temperature gradient in the-eold alr was believed
to be quite small, and since the entire-ares was warming up,
the attempt to find freezlng rain wos abandoned and the
alrplane returned to liinneapolis. The tempcrature-height
curve Tor this part of the flight le shown in figure 6.
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DISCUSSION

The physical condition required for iting is the presence
of 1liquid water drops at subfreezing temperatures. The meteor—
ological problem, then, is to establish the location and
extent of zones containing 1iquid water.dropes at temperatures
below freezing. These zZones may be divided into three classes:
(1) areas of freezing rain; (2).clouds composed predominantly
of water drops, and %3) clouds containing a high concentration
of snowflakes or ice crystals together with liquld drops.

The freezing rain area was not reached on the flight but
wag located on the crosgs sectlon by inference from the magni-
tude of the inversion observed near Duluth, and the radiosonde
and surface observations at Internatlonal Falls. Since the
condltione required for freezing raln are generally well under-
stood and can usually be forecast with falr reliability, only
the lcling zones above the frontal surface wlll be dlsgcussed
here. N

According to the Bergeron—Findeisen theory of the forme-
tion of precipitation, any large area of continuous precipita—
tilon is characterized by the presence of an sbundance of gnow-—
flakes in the regilon gbove the freezing level. The coexist-
ence of water drops and snowflakes for an appreciable time in
a cloud at below freezing temperstures requires the existence
of -saturated condltions with reapect to liquid water in the
gpaces between the snowflakes. Since the saturation vapor
pregsure lg greater over water than over ice at temperatures
below freezing, a condition of supersaturation must exiet with
regpect to 1lce, causing deposition of vapor on the esnow crystals.
This results in a gradient of vapor »resesure in the nelghbor-
hood of each snowflake and diffusion of vapor to the snowflakes.
The only way that a condition of saturation with respect to
liquid water can be maintained at points between the snowflakes,
in spite of the diffusion of vapor tc the snowrlakes, is by
contlnuous. cooling and consgedquent lowering of the saturation
vepor pregsure with respect to both water and ice. This
cooling is brought sbout by lifting of the-alr, and the rate
of coolling 1s dependent upon the vertical component of the
veloclty.. It appeare, therefore, that a certain critlcal
value af vertical velocity exists ag wag suggested by
Dr. Irving Langmulr of the General Electric Company Research
Laboratory, which must be exceeded as a necessary condition
for the coexiagtence of water dronlets and snowflakes in a cloud.



NACA TN No. 1392 e ) 5

This critical velocity is zero at the freezing level, since
there the wapor pressures over ice and water are equal, and
increagses rgpidly at temperatures below freezing.

In a warm front type of precipiitation area such as is
congidered here, o large mass of air-is lifted slowly by the
action of horizontal convergence:in the lower levels. This
lifting is so gradual that the vertical velocities are
generally much below the critical vslue. The air which moves.
upward through the freezing level usually contains liquid
cloud droplets and may have failrly high liquid water content.
As soon as the freezing level 18 pasgsed, a depletion of the
liquid water begins due to diffusion of vapor to the snow-
flekes, since 1%t is assumed here that snowflakes are present
in the subfreezing portion of the cloud system. Thus there
is found, just sbove the freezing level, = transition zone
in which snow flakes and liquid cloud drops exigt together
for s short time as the drops evaporate even though the
verticsl velocity may be less than the criticgl value. The
vertical extent of the transltion zone depends on the
vertical veloclity, the initisl concentrstion of liquld water
in the air as it reaches the freezsing level, ond the concen-—
tretion of snowflalkes. In thisg particular case, the observed
upper 1limit of the transitionel lcing zone was 9OO feet above
the freezino level and the static air temperature at that
point was 29° F. This explains the fact that all the icing
observed on this flight occurred at statlc alr temperatures
of 29° F or higher. The observed patchy character of the
icing in the tresnsition zone was probably due to horizontal
veristions in the vertical velocity and in the initial
concentrstion of liquid water.

In the situstion where the air ascending through the
freezing level does not contain cloud drops, while at the same
time frozen preclpitetion falling through unsaturated alr _
approaches (or reaches) the freezing level from aloft, then,
the transltionel lcing zone does not exlist and no 1cing can
oceur gince no liquid weter is present at below-freezlng
temperatures. This was the case on the first ascent. Rain
slone, without cloud droplets was present below the freezing
level and no icing was observed wWhen pessing through the
freezing level from rein to snow. Liquld water wgs present
in this case in the. forn of melting snow at temperatures just
above freezing, but no lcing wes experienced. It 1s belleved
that the lecing usuaglly attributed to "wet snow' ig due to
liquid water drops which hgve been carried up through %he
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freezing level aond vthich form a fllm of freezing water on the
alrplane surfaces to which the dry snowf;akes'qgn adhere.

The speed of the airplane 1s an important factor in
reducing the hazard in this kind of an iclng zone since the
temperaturaes are always only slightly below freczlng. The
kinetic heating effect prevents the formation of ice in the
leyer jJjust above the stsatlc freezing level vhere the liquid
weter concentrastion is highest. On this flight the true
alrspeed was ebout 1860 miles per hour, resulting in a kinetlc
heating effect of sbout 2° ¥ in clouds. This reduced the
maximum depth of the icing zone from 900 feet to about 300 feet.
A speed of 200 miles .per hour would have completecly prevented
lecing, while if the speed ppd been reduced to 100 miles per
hour, the effective deptn of the icinw 19fer would have been
increnged %o 700 feet.

Vertical Velocltics

In order to estimste the likellhood of lcing condltlons
being encountered in warn-front-type precipltation areas at
altitudes above the freezing level transition zone, a comparison
was made of the approximete velue of the critical vertlcal
veloclty and the velocities likely Lo occur in a cloud system
of thils type. : . o S e

The leing date from the Mt. “Tashington ObserVatory, M.H,
for the winter of 1945-U6 were used to obtaln An estimate of
the critical vertical velocity. Since the aversge inclination
of the wind at the Observetory is about 20° from the horizontal,
the existence of = minimum wind velooity for lce formatlon in
the pregence of gnow corresponds to the critical vertical
velocity for the coexistence of 1lilauld drops and snow. A1l
ceses of cbservatlons during periods of anoufall were plotted
on e graph of 1ind velocity versus tempersture. (See fig. Te)
The ceses in whilch fledsurable icing wgs recorded weére vlotted
a8 crossces and thoge without icing as c*rcles. A scelie of
the verftical component of wind velocity veg constructed based
on an average inclinction of 20° T™ese deta are not very
well distributed to egtabligh the critical vertical veloclty
gince aversge winds on Mt, Washington have verticrl components
much higher fthan the criticnl velue. It ig significant, howevenrn,
that there werc no cases of mersurable icing with verticnl wind
components leas than 450 feet per minute although there were



NAQA!HWNO;1392 o ) 7

22 observations with vertical wind components below U500 feet
per minute without icing. From theae facte it may be
inferred that vertical-velocities of .the order of 400 fect
per miuute or more are required for the continued existence -
of 1lcuid cloud drops in the presence of modernte snow at
Temperatures apprecinbly below freez;ng.

The approximate vqlue of the- notuﬂl vertlerl velociuies
likely to.occur in warm-front-type precipiteation arcas may
be estimated from the horizontal divergence of the wind
velocity or from the rete of precipitetion. 1In reforcnce 1
1t is shown that & mean horizontrl divergence of 10™° per
second between sea level and 10,000 feet produces a vertical
veloeity of 3.5 centimctors per second (6.9 feet per minute)
at the 10,000-Toot level. In the we~ther mep of 0630 GCT,
March 31, 19M5, which is presented ag an example in
reference 3, s werm-front precipitation ares similar to the
one discussed in this report covers the area embraelng .
Indiana, Ohlo, and Lake Erie. Also presented in reference 1
are charts, based upon pilot bslloon data, deplcting the
distribution of horizontsl divergence at 5,000 feet and
10,000 feet for OL00 GOT, March 31, 1945. The values of
divergerce as shown by these charts for the area of
Indlana, Chio, end Leke FErie, fall in the range from 107°
to 4x107% per second corresponding to vertical veloclities
from 7 to 28 feet per minute at 10,000 feet. While it is
realized thst there may be considerable differences in
vertical veloclty in different warm-front precipitatlion
reas, these data should at% least suggest the order of
magnitude to be expected in such situations.

Reference 1 also 1ncludes a calculation of the verticael
veloclty required to produce the observed preclipltation rate
in a general preclpltation ares. It was found that the
average vertlcel velocitles over an area 150 miles square ,
apparently ranged from 1 centimeter per second to at least
15 centimeters per second (2.to 30 ft per min ). Since
thege %0 calculatlions give results of the same order of
magnitude, 1t would appear reasonable to accept these values
g8 typical for warm-front precipitation areas. On the basgis
of these conglderations, a vertlicagl veloclty of KO feet per
minute has been selected az a probable mexlimum to be expected
in a warm-front preclpitatlion area.

Comparison of the probable asctual vertlical veloclty with
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data shows that the critioal velocity is much larger than the
actual velocity. It follows, therefore, thet stable; precipi~
tating, werm-front-type cloud systems do not in general contain
1idquld water drops at below freezing temperatures except in

the immedlate vicinity of the freezing level.

Thls conclusion supports the theoreticel model of the
precipitating stratoform cloud structure proposed by Findeilsen
(reference 2) rather than that given by Byers (reference 3) :
which includes & large region of mixed water drops and snow
crystels sbove the warm front surface giving rise to the
supposition that severe icing condltlons exist withln this
region. The observations made on this flight afd the theory
given here t6 interpret them do ngot support, in fact directly
contradict, the Byers model. Further observaiions ere desir-
able to determine the validity of: this model since i1t—has been
used as a beslis for the dlsoussion of leing in recent text
books 1in meteorology.

CONCLUDING REMARKS

While it is reallzed that 1t is hazardous .to draw
conclusions from obgervations of a single case, the consistent
theoretical interpretstion of the observed. conditions is
believed to Justify the following generalization:

In large arees of uniform precinitetion in the absence
of marked -orographic influences, -the licing zonés are limlted
to the freezing raln ares, if any, and a ghallow layer of
mixed snow and cloud draps Just above the freezing level.

Ameg Aeronasuticsl Laboratory
' ‘Natlonasl Advisory Committee For Aeronautics
Moffett Fleld, Calif. June 1947.
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